All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Exposure to microgravity induces modification of all physiological systems. Because inflight studies of this modification are difficult, it is necessary to use earth simulation. In both cases, inflight or simulation studies, a deconditioning is observed \[[@pone.0150052.ref001]\]. "Dry" water immersion has been proposed as an analog to space flight \[[@pone.0150052.ref002]\]. In this model, the subjects are immersed in a horizontal position up to the neck and separated from the water by an elastic waterproof fabric \[[@pone.0150052.ref003]\]. Some short-term ground-based studies have shown that dry immersion (DI) can induce many of the deconditioning effects of those occurring in space flights, including sensorymotor, cardiovascular, and musculoskeletal deconditioning \[[@pone.0150052.ref004],[@pone.0150052.ref005]\].

Concerning the craniomandibular system (CMS), there is very limited data available in humans on the potential impact of microgravity. Thus, further investigations are needed to determine if the CMS is altered after a microgravity exposure. Actually, the craniofacial complex, being directly affected by the fluid shift during spaceflight or simulated microgravity model, may also induce changes in the soft and hard tissues. Moreover, the reduction of external mechanical loading has detrimental effects on skeletal muscle. However, studies on animal raised the possibility that masticatory muscles do not respond to changes in workload in the same manner as limb muscles \[[@pone.0150052.ref006]\]. Indeed, masticatory muscles are morphologically and physiologically different from limb muscles \[[@pone.0150052.ref007]\]. After 13 days of space flight, the masticatory muscles of mouse do not undergo atrophy \[[@pone.0150052.ref008]\]. Most studies on masticatory muscles have focused on the masseter, which produces the most significant forces during jaw-closing. This muscle is divided into a superficial part involved in bite force production and a deep part more involved in the control of mandibular position. Giannakopoulos et al. reported a co-activation of jaw and neck muscles during submaximal teeth clenching \[[@pone.0150052.ref009]\]. The maximal bite force has been reported to be different according to population or measuring instruments and techniques \[[@pone.0150052.ref010],[@pone.0150052.ref011]\]. For example, the maximal bite force (MBF) among populations in the western hemisphere ranged from 600 to 750 N \[[@pone.0150052.ref010]\]. However, to our knowledge, no clinical study has focused on the impact of microgravity on the maximal bite force in humans. In the elderly, Miura et al. reported that chewing ability in an "independent" group was greater than in the "bedridden" group without any significant differences in the number of missing teeth \[[@pone.0150052.ref012]\].

On the other hand exposure to microgravity induces alterations in vestibular and somatosensory systems functioning \[[@pone.0150052.ref013]\], and head movement control \[[@pone.0150052.ref014]\], which can participate in the deterioration of upright postural stability after space flight or simulation studies \[[@pone.0150052.ref015]\]. To evaluate postural control capacity, many studies described recording the ground reaction vector, known as center of pressure (COP), during quiet standing tests in force plate measurement system \[[@pone.0150052.ref016],[@pone.0150052.ref017]\]. In normal gravitational conditions, some authors have observed the neuromuscular effects of jaw motor activity on human postural sway during balance tests \[[@pone.0150052.ref018]--[@pone.0150052.ref020]\]. Numerous neural connections between the CMS and the centers involved in postural control have been proposed to explain these effects \[[@pone.0150052.ref021]--[@pone.0150052.ref023]\]. Recently, Ringhof et al. reported that postural stability was significantly improved by voluntary clenching of the jaw \[[@pone.0150052.ref024]\]. However, the correlation between dental occlusion and body posture is discussed controversially \[[@pone.0150052.ref025],[@pone.0150052.ref026]\].

The purpose of the present study was to determine the effects of 3-day DI on the CMS. It was hypothesized that (1) DI could change the tone of masticatory and neck muscles and consequently the maximal clenching of the teeth; (2) Jaw clenching would improve postural stability after DI.

This was the first DI study used outside of Russia, in comparison to the common model of head-down bed rest (HDBR). This study was part of a larger group of investigations sponsored by the French National Space Agency (CNES).

Materials and Methods {#sec002}
=====================

Subjects {#sec003}
--------

Twelve healthy male subjects between the ages of 26 and 39 (mean ± SEM one day before DI, age: 31.8 ± 4.1 yr, height: 178.8 ± 5.6 cm; weight: 74.8 ± 5.6 kg; body mass index: 23.6 ± 1.2; aerobic fitness: 38.8 ± 2.9 ml.kg^-1^.min^-1^) participated in this study. All participants were non-smokers, taking no medication or drugs, and received a comprehensive clinical assessment before giving their written informed consent. Study design was established in accordance with the Declaration of Helsinki and was approved by the local ethics committee (CPP Sud-Ouest Outre-Mer I, France) as well as the French Health Authorities. The individual in this manuscript ([Fig 1](#pone.0150052.g001){ref-type="fig"}) has given written informed consent (as outlined in PLOS consent form) to publish these case details. The study was organized by the Institute for Space Medicine and Physiology (MEDES-IMPS) in Toulouse, France. The subjects were selected based on a normal clinical investigation consisting of a detailed medical history, physical examination, an electrocardiogram, general blood screening, and urine analyses. Participants were free from muscular or neurological pathologies. All had normal vision, no temporomandibular dysfunction, and full natural dentition (except for third molars) without occlusal disorders.

![Experimental set-up.\
The subject is separated from the water by an elastic waterproof fabric.](pone.0150052.g001){#pone.0150052.g001}

Experiment procedure {#sec004}
--------------------

### General protocol {#sec005}

This experiment consisted of a 3-day ambulatory control period (BDC-3 to BDC-1), 3 days of dry immersion (DI 1 to DI 3) and 2 days of recovery (R0 to R+1). In the ambulatory and control periods preceding and following DI, all subjects remained active and ambulatory. All were asked not to exercise during the 8 days of the experiment. During DI, the subjects remained immersed in a supine position ([Fig 1](#pone.0150052.g001){ref-type="fig"}) in a controlled thermoneutral bath (33 ± 0.5°C) continuously except for a daily 20-minute extraction for toilet procedure and weighting (in bed rest position). The study was conducted in a quiet room at a temperature of \~25°C. During this study, eight different research groups performed their protocols on several physiological systems. The different protocols and hygienic procedures involved a total duration of 4 h 45 min out of immersion between DI 1 and R0. During this period the subjects were maintained in a -6° head-down position. In DI only the head and neck were not entirely immersed in water. The subjects were supervised by medical control and monitored 24 h per day. Room lighting was on between 7:00 AM and 11:00 PM. Each subject had a daily medical examination and several standardized measurements were taken by MEDES personnel. Discomfort and psychological assessments were made via questionnaires. Body temperature was taken twice daily with a tympanic thermometer. Heart rate and arterial blood pressure (systolic, mean and diastolic) were measured every morning by means of an automated sphygmomanometer (Dinamap). The plasma volume was also estimated in the morning (before breakfast) in supine position just before DI (DI 1) and immediately at the end of the DI period, just before standing (R0), using the optimized CO-rebreathing method as described by Caiani et al. \[[@pone.0150052.ref027]\].

Subjects received three solid meals/day during the study with the requirement to finish all meals. Each menu had similar medium food consistency so as not to change masticatory function. The individual energy intake was calculated by multiplying resting metabolic rate with a physical activity level of 1.6 during pre and post DI and 1.3 during DI. Coffee, tea, alcohol, smoking, and drugs were prohibited throughout the experiment. Only paracetamol was allowed if needed.

### Maximal bite force {#sec006}

Bite force tests were repeated on the same subjects in the morning three days before DI (BDC-3), then on the first day of recovery (R0), i.e., approximately 45 min after the subjects first stood upright, and then one day later (R+1).

MBF was registered in the first molar area after construction of twelve bite force measurement devices (one device per subject). Each device consisted of 2 discs (2.0 mm height x 12 mm diameter) of polyethylene (Duran Scheu-Dental; GmbH, Iserlohn, Germany) separated by a midline disk-shaped pressure sensor (Flexi Force Sensor model B201; Tekscan Inc, Boston, MA, USA). These transducers are thin strips (0.13 mm) with printed piezoresistive sensors of area 9.53 mm^2^ capable of measuring the applied load over the sensing area with a response time of \< 5 μs and a linearity error of ± 5% (44, 50). The polyethylene discs were bonded to the sensors using a laminating adhesive (Stamark; 3M, St. Paul, MN, USA). These sensors had long cables covered by a thin vinyl tube, which exited the oral cavity via the oral vestibule at the molar portion. The total device thickness was approximately 4.2 mm ([Fig 2](#pone.0150052.g002){ref-type="fig"}). Prior to testing, each individual sensor was calibrated at ambient temperature (20°C) at a loading range of 0--1000 N by laboratory tests with known force values using a material testing machine (Sun 1000; Galdabini, Cardano al Campo, Italy). The sensors were connected to a computer using a sensor connecting device provided by the same manufacturer (Tekscan) and data were collected at intervals of 0.125 s using the Tekscan ELF specific software (converting pressure values into forces). Data were exported to a spreadsheet for storage and further processing.

![Schematic drawing of custom-made bite force device set up.](pone.0150052.g002){#pone.0150052.g002}

During testing the volunteers were seated comfortably in an upright position with the Frankfort plane parallel to the floor. The sensor was positioned unilaterally on the mandibular first molar and the subjects were asked to clench as hard as possible for 2--3 sec; according to a standard procedure \[[@pone.0150052.ref028]\]. Bite force was measured alternately on the right and left sides with adequate rest intervals between each bite to prevent muscle fatigue. Subjects were encouraged verbally to perform maximal clenching with each repetition. Two readings were obtained on each side. From these recordings, three values were used in the analysis: the average on each side and the average of the four readings. The measurement method was explained in detail to all subjects before it was performed. No participant reported pain during or after measurements.

*Method error*: The MBF measurements were taken twice by the same investigator after 1 week using 10 healthy volunteers and the identical procedure and then random errors of the MBF measurement were assessed by Dahlberg's formula \[[@pone.0150052.ref029]\]. Using Dahlberg's formula (√Σd2/2n), Σd2 denotes the sum of the squared differences between pairs of recordings while n denotes the number of duplicate measurements. MBF measurement error was 51.8 N (7.6%) and the coefficient of reliability was 0.91.

### Mechanical properties of muscles {#sec007}

The mechanical characteristics of the masseter and sternocleidomastoid (SCM) muscles were determined at rest using a hand-held myometer (MyotonPRO; Myoton Ltd, Estonia) during the last day of the baseline data collection period (BDC-1), on days 1 and 3 of the DI period, and after DI on the first day of recovery (R0). This method measures the viscoelastic response of the muscle due to a brief (15 milliseconds) mechanical impulse (force 0.4 N) on the skin surface above the muscle. The mechanical deformation is delivered by the device testing end (d = 3 mm) held perpendicular to the skin surface. An integrated 3-axis digital acceleration sensor recorded the muscle oscillation in the form of an acceleration curve. The properties of the sensor are: amplitude range of ± 8 g in full range; resolution of 11 bits; output data rate and bandwidth 3,200 Hz; sensitivity ± 0.01% due to the temperature change; and operating temperature −10 to +55°C. If a curve failed to meet measurement parameters, an error message warned the experimenter to repeat the trials. The device was used in multiscan mode, where one measurement corresponded to the mean of 5 mechanical taps. The procedures have been reported in the literature \[[@pone.0150052.ref030]--[@pone.0150052.ref032]\]. These studies have demonstrated the validity and reliability of Myoton measures in limb, trunk, and orofacial musculature. From the oscillation acceleration signal, we investigated three parameters computed in real time by MyotonPRO software: dynamic stiffness, oscillation frequency, and mechanical stress relaxation time. Dynamic stiffness characterizes the resistance of the muscle to the force that changes its shape. This parameter was calculated as follows: Stiffness = *m* × *a*~max~*/* Δ*l*, where *m* is the mass of the testing end of myometer (kg); *a*~max~ is the maximal acceleration of oscillation (m/s^2^); Δ*l* is the deformation depth of the muscle mass \[[@pone.0150052.ref033]\], with a reliability/precision of 3.9%. Oscillation frequency, which characterizes the muscle tone or the mechanical tension in a relaxed muscle, was as follows: *f* = 1/*T* \[Hz\], where T denotes the oscillation period in seconds \[[@pone.0150052.ref034]\] with a precision of 1.1%. Mechanical stress relaxation time is the time for the muscle to restore its initial shape after external force is removed (viscoelastic properties) \[[@pone.0150052.ref035]\]. It was measured with a reliability of 1.5% (Testing certificate no. 2-034-11 in 09-09-2011).

During the tests, the subject lay in a relaxed supine position. Bilateral measurements are taken on the right and left masseter and SCM muscles in a complete rest position in order to measure relaxed muscle properties. The device-testing end was placed perpendicular to the surface of the main portion of the masseter, 20 mm from the inferior edge of the mandibular angle (gonion), and on SCM muscle at the lower 1/3 of the line connecting sternal notch and mastoid process. Anatomic landmarks were marked with a pen and all the measurements were taken on the same muscle point. All collected values were downloaded from the device to a computer for data analysis.

### Postural sway measurement {#sec008}

Posturographic tests were repeated three days before DI (BDC-3), then on the first day of recovery (R0), i.e., approximately 30 min after the subjects first stood upright, and one day later (R+1). All static posturographic tests were quantified by recording modifications in the position of the COP on a force platform (Leonardo Mechanograph Ground Reaction Force Plate; Novotec Medical GmbH, Pforzheim, Germany). The platform was composed of two symmetrical force plates with four sensors. Force was detected by the deformation of the sensors proportionally to the applied force (change in electrical resistance). The signal from the eight force sensors was sampled at a frequency of 800 Hz and was analyzed using the Leonardo Mechanography GRFP Research Edition software (version v4.1.19-RES; Novotec Medical). The force platform was positioned in the floor and was adjusted to indicate a mass of zero kg before the subject gets up on it. All volunteers were lightly dressed and did not wear shoes during the tests. They were required to stand stable on the 66×66 cm platform in a comfortable upright orthostatic position with both arms hanging free beside the trunk. They were asked to breathe normally and look straight ahead fixating their gaze on a precise point at eye level on a wall approximately 2.5 m away. The anteroposterior (AP) and mediolateral (ML) positions were determined by the use of marks on the platform corresponding to an inter-malleolar distance of \~15 cm. For each subject, two different mandibular positions were analyzed (1) dental intercuspidal position (ICP), obtained by asking the subject to close the mouth and moderately clench the teeth with a "medium" force range for 30s; (2) rest position (RP) without contacts between the dental arches. All tests were recorded in eyes open (EO) and eyes closed (EC) conditions in randomized order. Data recording started once the subject was stable using an audible tone. A double-audible tone indicated the end of the trial. Each trial lasted 30 s without modification of the position of feet on the platform between tests, and in quiet conditions. Rest periods of 30--60 s were provided between trials. Among the traditional parameters collected, this article reports the results of total path length, sway area, mean velocity, and the length function of surface (LFS) of the COP displacements.

The total COP path length was quantified from the COP displacements in the anterior-posterior (AP~d~) and mediolateral (ML~d~) directions. Total COP path length = \[(Displacement in AP~d~)^2^ + (Displacement in ML~d~)^2^\]^0.5^ \[[@pone.0150052.ref017]\]. This parameter describes the direction and extent of postural sway \[[@pone.0150052.ref019]\]. The calculation of the sway area provided by the software considered the area of the confidence ellipse that encloses 95% of the most concentric points of the COP path during the 30 s test. This conventional procedure automatically eliminated 5% of the extreme points in order to delete values which could be induced by quasi voluntary movements not indicative of the amount of postural sway \[[@pone.0150052.ref036]\]. The sway area reflects the precision of postural control, the smaller the COP area the better the stability \[[@pone.0150052.ref037]\]. The velocity (i.e., COP path length divided by trial duration) has been suggested to represent the amount of activity required to maintain stability, the smaller the COP velocity the better the postural control \[[@pone.0150052.ref037]\]. The length function of surface (LFS) was also calculated with the following equation: LFS = sway path/396 x exp^(0.0008×area)^ \[[@pone.0150052.ref036]\]. It provides information about the precision of postural control and the energy used by the participant to stand steady \[[@pone.0150052.ref036]\].

Before data collection began, all subjects were familiarized with the tools and the test structure. Maximal bite force assessment, Myoton measurements, and postural stability were performed by a single trained investigator at the same time of day to avoid any potential circadian effects.

Statistical analysis {#sec009}
--------------------

The present study was designed to examine the effects of 3 days of DI on bite force, mechanical properties of muscles, and postural stability.

Analyses were performed using the StatView software version 5.0.1 (SAS Institute, Cary, NC, USA). The effects of DI on monitoring daily variables were tested by repeated measures analysis of variance (ANOVA). For muscle and bite data, a two-way repeated measures ANOVA was performed with time period and side (left and right) as factors. ANOVA for repeated measures was also used to evaluate changes in the postural stability over three repeated measures: 1) time period (3 levels: BDC-3, R0, R+1), 2) eye condition (2 levels: eyes open and eyes closed), and 3) mandibular position (2 levels: dental intercuspidal position and rest position). Where overall significance occurred, post hoc testing was conducted using Fisher's protected least significant difference. All data are presented as means ± SE; the 5% level (*p* \< 0.05) was chosen as statistically significant.

Because there were no significant differences between sides of the body with muscle properties, right and left side values were averaged for analyses.

Results {#sec010}
=======

Monitoring daily variables {#sec011}
--------------------------

[Table 1](#pone.0150052.t001){ref-type="table"} shows pre- and post-DI monitoring daily variables. We observed a significant decrease in plasma volume versus baseline of -17 ± 5% on day R0 (*p* \< 0.001) and in weight. Mean weight loss after DI was 1.2 ± 0.6 kg. Resting heart rate (HR), systolic blood pressure (SBP), diastolic blood pressure (DBP), and temperature remained unchanged following DI.

10.1371/journal.pone.0150052.t001

###### Body temperature, body weight, plasma volume, systolic and diastolic pressure, and heart rate before and after dry immersion.

![](pone.0150052.t001){#pone.0150052.t001g}

                                        Pre-DI (DI 1)    Post-DI (R0)                                              *p* value
  ------------------------------------- ---------------- --------------------------------------------------------- -----------
  **Morning temperature, °C**           36.5 ± 0.2       36.4 ± 0.1                                                0.317
  **Weight, kg**                        74.5 ± 5.9       73.3 ± 5.6 [\*\*\*](#t001fn002){ref-type="table-fn"}      \< 0.0001
  **Plasma volume, ml**                 3727.3 ± 109.9   3095.6 ± 86.7 [\*\*\*](#t001fn002){ref-type="table-fn"}   \< 0.0001
  **Systolic blood pressure, mm Hg**    119.7 ± 7.2      120.9 ± 8.6                                               0.693
  **Diastolic blood pressure, mm Hg**   65.5 ± 4.0       68.2 ± 3.7                                                0.077
  **Heart rate, beats/min**             54.8 ± 5.7       58.1 ± 8.4                                                0.202

Days are indicated as follows: dry immersion (DI) day 1 (day DI 1), and recovery day (R0). Values are means ± standard error.

\*\*\**p* \< 0.001 compared with DI 1 value.

Maximal bite force {#sec012}
------------------

Bite force data at the different periods are listed in [Table 2](#pone.0150052.t002){ref-type="table"}. Statistical tests revealed no significant changes in MBF between the periods. No significant right-left differences were observed for the measurements of MBF (*p* \> 0.05).

10.1371/journal.pone.0150052.t002

###### Maximal molar bite force before and after dry immersion.

![](pone.0150052.t002){#pone.0150052.t002g}

                       BDC-3          R0             R+1            *p* value
  -------------------- -------------- -------------- -------------- -----------
  **MBF right (R)**    632.5 ± 42.2   702.7 ± 53.0   673.6 ± 49.3   0.244
  **MBF left (L)**     666.1 ± 39.9   654.3 ± 42.5   688.4 ± 38.7   0.418
  **Mean MBF (R/L)**   649.3 ± 38.4   679.3 ± 42.8   680.9 ± 38.6   0.484

Maximal molar bite force (MBF) on the right (R) and left (L) sides. Days are indicated as follows: control period (BDC-3), the first day of recovery (R0), the second day of recovery period (R+1). Units are N; Values are means ± standard error. All comparisons were not statistically significant.

Mechanical properties of muscles {#sec013}
--------------------------------

Masseter and sternocleidomastoid muscle stiffness, frequency and relaxation time data are shown in [Table 3](#pone.0150052.t003){ref-type="table"}. For technical problems, the data of 3 subjects have not been analyzed. Since all remaining data showed no difference between the right and left sides (all *p* \> 0.05), the results were pooled.

10.1371/journal.pone.0150052.t003

###### Combined (left and right) changes in jaw and cervical muscles stiffness, frequency and relaxation time before, during and after dry immersion.

![](pone.0150052.t003){#pone.0150052.t003g}

                            BDC-1          DI 1           DI 3           R0                                                   *p* value
  ------------------------- -------------- -------------- -------------- ---------------------------------------------------- -----------
  **Masseters**                                                                                                               
  Stiffness (N. m^-1^)      334.1 ± 8.0    329.8 ± 10.3   323.2 ± 15.5   367.9 ± 21.3 [\*](#t003fn002){ref-type="table-fn"}   0.028
  Frequency (Hz)            16.5 ± 0.3     16.2 ± 0.3     16.2 ± 0.4     17.8 ± 0.7 [\*](#t003fn002){ref-type="table-fn"}     0.003
  Relaxation time (ms)      16.7 ± 0.4     16.7 ± 0.4     17.3± 0.8      15.2 ± 0.7 [\*\*](#t003fn003){ref-type="table-fn"}   0.011
  **Sternocleidomastoid**                                                                                                     
  Stiffness (N. m^-1^)      211.0 ± 17.7   190.3 ± 8.9    199.8 ± 12.0   197.8 ± 10.5                                         0.485
  Frequency (Hz)            13.7 ± 0.5     13.1 ± 0.3     13.4 ± 0.3     13.4 ± 0.3                                           0.478
  Relaxation time (ms)      23.2 ± 0.8     24.3 ± 0.7     23.5 ± 0.8     23.4 ± 0.9                                           0.663

Days are indicated as follows: the last day of control period (BDC-1), the first day (DI 1) and third day (DI 3) of dry immersion, and the first day of recovery period (R0). Values are means ± standard error.

\**p* \< 0.05;

\*\**p* \< 0.01 compared with BDC-1 value.

None of the three parameters of sternocleidomastoid muscles were changed during the experiment. Concerning masseter data, there was a significant period effect for stiffness (*F*~*(3*,*24)*~ = *3*.*607*, *p* = 0.028), frequency (*F*~*(3*,*24)*~ = *5*.*932*, *p* = 0.003), and relaxation time (*F*~*(3*,*24)*~ = *4*.*584*, *p* = 0.011). Post-hoc analysis shows that stiffness and frequency (tone) increased immediately after DI on R0 (*p* = 0.04 and *p* = 0.02, respectively), and relaxation time was significantly decreased on R0 (*p* = 0.002).

Postural sway parameters {#sec014}
------------------------

There was a strong period effect (after *vs* before DI) on all posturographic parameters ([Fig 3](#pone.0150052.g003){ref-type="fig"}), path length, velocity, LFS (all *p* \< 0.0001), and area (*p* = 0.043). Post-hoc analysis shows that the subjects were more unstable on getting up (data greater for R0 and R+1 than for BDC-3), and degradation of performance is most important at R0 ([S1 Table](#pone.0150052.s001){ref-type="supplementary-material"}). There was also a strong vision effect on all posturographic parameters: path length, velocity, LFS (all *p* \< 0.0001), and area (*p* = 0.007). Thus, regardless of the period, vision suppression degrades postural performances. Regarding COP path length and LFS, the results in EC were not significantly higher at R1 compared with BDC-3 while results in EO were significantly higher at R1 compared with BDC-3 (*p* \< 0.05). The recovery of pre-DI performances seems slower in EO condition.

![Mean ± SE values of postural parameters.\
Mean and standard error values of center of pressure (COP) path length (A), area (B), velocity (C), and length function of surface (LFS) (D) during control period (BDC-3), the first day (R0) and the second day of recovery period (R+1) for the different test conditions: dental intercuspidal position (ICP) (white bars) and mandibular rest position (RP) (black bars), eyes open and eyes closed. \* and \*\* significant differences compared with BDC-3 value. (Respectively *p* \< 0.05 and *p* \< 0.01; ANOVA for repeated measures).](pone.0150052.g003){#pone.0150052.g003}

About dental occlusion, regardless of the eye condition, there was a tendency for a better postural stability on getting up at R0 for dental ICP than for mandibular RP, but this tendency did not reach statistical significance. Regarding COP path length, and although the data were slightly larger in mandibular RP than for dental ICP at R0 and R+1, they were not statistically significant (*p* = 0.96 and *p* = 0.58 respectively in EO condition, and *p* = 0.16 and *p* = 0.89 respectively in EC condition). Similarly for the COP area and velocity, and although the period effect was reduced in dental ICP compared with mandibular RP, these differences were not statistically significant.

Discussion {#sec015}
==========

To our knowledge, the present study was the first to examine the CMS in DI, and more generally in a microgravity simulated study. The main results from this study were: 1) 3 days of DI were not enough to change the maximal bite force; 2) masseter stiffness and frequency were increased on getting up after DI; 3) we have demonstrated changes in postural balance following short-duration DI. However, "medium" jaw clenching had no effect on postural sway.

Monitoring daily variables {#sec016}
--------------------------

In the present study, in spite of the short duration of DI, plasma volume was significantly reduced by 17.0 ± 5%. This reduction is comparable to that observed in six astronauts during their first day in flight (-17%) by Alfrey et al. \[[@pone.0150052.ref038]\] and confirms previous HDBR data \[[@pone.0150052.ref039]\].

Maximal bite force {#sec017}
------------------

Concerning the stable value of MBF, it could be explained by a normal activity of masticatory muscles during DI. Moreover, the head was almost entirely out of water, which reduced the impact of simulated microgravity on the cervical and craniomandibular regions. In addition, the subjects needed to do a flexion of the head in order to facilitate the oropharyngeal phase of swallowing after chewing food. This head-flexed position widens the vallecular space to prevent the bolus from entering the airway, and puts the epiglottis in a more protective position \[[@pone.0150052.ref040]\]. Furthermore, food consistency during DI was similar to the standard conditions on earth (solid diet), whereas foods generally have a softer consistency during space flights. In fact, a clear relationship between muscular activity and food properties has been reported in humans. Food texture modifies masticatory forces \[[@pone.0150052.ref041]\]. Foods with different consistencies have been used to change the loading to rat jaw muscles to study the adaptation capacity in the CMS \[[@pone.0150052.ref042],[@pone.0150052.ref043]\]. All these animal studies lasted several weeks and demonstrated that a decrease in the amount of mastication and thus occlusal forces affects all structures, including bone and muscles. As was demonstrated in a recent study by Philippou et al. \[[@pone.0150052.ref008]\], the superficial masseter fiber size of mouse was not affected by microgravity after 2 weeks on a hard diet aboard the Shuttle Atlantis. In contrast, the superficial masseter fiber size decreased significantly after 2 weeks on a liquid diet. The authors concluded that the lack of mass loss in masseter muscles could be a protective effect, at least for the short period of 2 weeks of space flight, by chewing-induced loading of these muscles. Thus, the evaluation of weightlessness on MBF in humans requires experiences of longer duration and chewing foods with consistencies similar to those used by astronauts in flight.

Analysis of results showed that subjects had approximately equal MBF on the right and left side, which is in agreement with previous studies \[[@pone.0150052.ref011],[@pone.0150052.ref044]\]. The bite force level is related to biological factors such as sex, dental status, craniomandibular morphology, muscle strength, and neuromuscular feedback mechanisms \[[@pone.0150052.ref045],[@pone.0150052.ref046]\]. Additionally, bite force varies in the different regions of the oral cavity and is largest in the first molar area \[[@pone.0150052.ref047]\]. However, the accuracy of bite force recording is also influenced by the occlusal-force measuring device used. Custom-made devices with strain gauge are sometimes used but their significant thickness leads to a greater distance between antagonistic teeth. The results may therefore not be reliable \[[@pone.0150052.ref045]\]. Thus, in the current study, piezoresistive sensors were used because of their small thickness \[[@pone.0150052.ref040]\]. The interocclusal distance promoted between molars by the device was approximately 4 mm. Moreover it has been demonstrated that these sensors are able to record intraoral force levels with sufficient clinical accuracy and precision \[[@pone.0150052.ref046]\].

Postural sway {#sec018}
-------------

In agreement with previous HDBR studies \[[@pone.0150052.ref016],[@pone.0150052.ref048]\], the results of the present study demonstrated a significant alteration of static posturographic parameters immediately after DI at R0 regardless of the eye condition. We observed a significant impairment of balance control after DI, as in bed rest studies where equilibrium scores are lower just after bed rest \[[@pone.0150052.ref049]\]. For example, concerning the path length, we found 21% increase, as well as in Viguier et al. \[[@pone.0150052.ref048]\] with 31% increase after 60 days in HDBR. In the same way we found an increase in velocity parameter after DI of 25% on average, in comparison to Muir et al. \[[@pone.0150052.ref016]\], which noted a velocity rise of 192.7%. The comparison between these two studies is difficult. Even if our results were significant after DI, these differences would be explained by a comparison to a long period of bed rest, which impaired more particularly the muscular mass. Indeed balance control depends largely on tonic muscle activity. Here the severe loss of postural muscle tone is one of the early manifestations of exposure to dry immersion \[[@pone.0150052.ref005]\] and is certainly involved in the postural performance. Neuromotor changes after DI lead to disturbances in coordination, which result in decreased accuracy in muscle effort and a decreased performance in postural stability \[[@pone.0150052.ref003]\]. Maintaining postural balance on Earth is a complex control task for the central nervous system, which must integrate several types of afferent inputs: exteroceptive (skin sensitiveness of feet), proprioceptive (especially from the cervical, hip, ankle, and knee joints), vestibular (semicircular canals and otoliths), and visual (movement of the surrounding environment) \[[@pone.0150052.ref013],[@pone.0150052.ref050]\]. Exposure to microgravity induces sensorimotor changes which can participate in the deterioration of upright postural stability after returning to normogravity conditions \[[@pone.0150052.ref013]--[@pone.0150052.ref015]\]. It seems important to state that DI is an environment that influences proprioceptive feedback but probably not vestibular activity and visual feedback. This may be a limitation to this reported study. In contrast, numerous space flight studies have demonstrated otolith deconditioning \[[@pone.0150052.ref051],[@pone.0150052.ref052]\]. In weightlessness, there is an absence of gravitationally based otolith stimuli to the central nervous system, which creates a sensory conflict that appears to be the cause of the disorientation and motion sickness experienced by many astronauts during the first few days in flight \[[@pone.0150052.ref051]\]. Therefore, postural control is certainly more disrupted after exposure to real microgravity as compared with DI. Indeed posturography tests performed daily after return of the Space Shuttle showed significant impairments in equilibrium control on landing day \[[@pone.0150052.ref013],[@pone.0150052.ref051]\]. In the present study, higher LFS was systematically observed with suppression of vision which means more energy expenditure to maintain balance in EC condition.

Although sway parameters were more altered after DI in RP condition, voluntary teeth clenching did not significantly influence the stabilometric data compared with a habitual non-biting condition. So the influence of dental occlusion on static postural performance can not be confirmed in this study. This agrees with a meta-analysis reported by Perinetti et al. \[[@pone.0150052.ref053]\] and with several experimental results \[[@pone.0150052.ref025],[@pone.0150052.ref026]\] in normal gravitational conditions. However, some authors reported a functional interdependence between the dental occlusion and posture \[[@pone.0150052.ref018],[@pone.0150052.ref019]\]. For example Cuccia \[[@pone.0150052.ref050]\] showed a correlation between teeth clenching and an increase in plantar surface area (with a decrease in plantar loading) on a baropodometric platform; however the author investigated subjects during walking and not in static positions. This suggests that it could be relevant to investigate dental occlusion during dynamic movements in further studies. Recently published results showing that voluntary teeth clenching significantly affected neuromuscular co-contraction patterns and improved postural stability in upright stance \[[@pone.0150052.ref024],[@pone.0150052.ref054]\]. The authors assumed that teeth clenching facilitated human motor excitability \[[@pone.0150052.ref055]\] and resulted in nonreciprocal facilitation of ankle extensor and flexor muscles, and attenuated reciprocal Ia inhibition of the pretibial muscles and the soleus muscle \[[@pone.0150052.ref056]\]. In view of the literature, it appears that controversial correlation between the body posture and the CMS may be partly related to the magnitude of bite force. In most publications, information of the jaw positions and bite-forces are insufficient. The force level is generally not examined and commonly left to the subjects' self-assessment. It could well be that differences in the bite force between the different dental conditions are one of the reason for the changes/or not changes in the postural performance. For this reason, the development of studies with valid measurement devices of teeth clenching appears to be relevant to determine the association between the dental occlusion and the postural performance. In addition, the majority of the studies on dental occlusion and body posture revolve around the relationship between malocclusions and anomalies in the position of the craniocervical tract. An alteration of dental occlusion may have an impact on spinal column alignment and can reasonably influence the body muscular equilibrium. This is why the subjects of the present study were selected without dental and temporomandibular disorders. Finally, for all the reasons mentioned above, it is suggested that the evaluation of weightlessness on postural performances using force platforms must be performed without contact between opposing teeth.

Mechanical properties of muscles {#sec019}
--------------------------------

About masticatory and neck muscles, the study showed a significantly higher stiffness and frequency of the masseters at recovery (R0), which is the moment when postural balance is the most disturbed. Although the exact mechanism is unclear and discussed, one possible explanation is the connection between the vestibular system and the excitatory of the masseter muscles, in reference to Deriu et al. \[[@pone.0150052.ref057]\], and Tolu and Pugliatti \[[@pone.0150052.ref058]\]. These authors showed the relation between the two systems, validating the existence of a vestibulomasseteric reflex. The authors have shown a lot of neurological connections between the trigeminal and the vestibular nuclei in animals and humans. Moreover morphological studies have shown reciprocal connections between the vestibular nuclear complex and spinal trigeminal nuclei in rats \[[@pone.0150052.ref059],[@pone.0150052.ref060]\]. To be more precise, Deriu et al. \[[@pone.0150052.ref057]\] describes two sets of functional connections between the vestibular system and the masseter motoneurons. There is a short latency pathway that may allow vestibular inputs rapid access to jaw muscle control, and an indirect pathway that may be essential to postural control of masseters by stabilizing the jaw during head motions \[[@pone.0150052.ref057]\]. The authors conclude that trigeminal motoneurons are tonically and bilaterally excited and macular inputs exert a bilateral asymmetrical control on jaw muscles in relation to angular acceleration of the head in spatial planes \[[@pone.0150052.ref057],[@pone.0150052.ref061]\]. In anatomical study in rats, labelled neurons were observed bilaterally in the inferior vestibular nucleus with an ipsilateral predominance \[[@pone.0150052.ref059]\]. Studies were confirmed in humans the vestibulo-trigeminal relationship described in the animal model, and then the support for the bilateral polysynaptic vestibulo-trigeminal pathways \[[@pone.0150052.ref057],[@pone.0150052.ref062]\].

In a certain way, we think that a perturbation of postural balance, here by DI conditions, could activate the vestibulomasseteric reflex by the intermediary of vestibular perturbations in order to have more spatial information regarding the head position in space, particularly with eyes closed. It could lead to an increase as a rebound effect, in the masseteric tonic activity at recovery, particularly in the first moments post tilt where the postural control is the worst, with the still aim to keep the up-right position more stable. An electromyographic monitoring of resting masseter muscle activity could be used in future studies to confirm this supposition. Moreover it could be interesting to expand the study to others masticatory muscles such as temporal, that, with masseter are the two main muscles of mastication. Future research should also measure the response of the posterior cervical muscles (e.g. splenius capitis and semispinalis capitis) that are considered to have an important role for eye-neck (head) stabilization during standing.

In addition, psychological stress could have contributed to produce the differences observed at R0. There is a concentration of all the measurements at R0, particularly the Tilt test that could stress the subjects at recovery. Moreover the subjects have very bad nights with a global discomfort during all DI of 40 ± 6.6 (Mean ± SD) on a scale from 0 to 100, which could lead to an asthenia. Indeed the integration of the masticatory system with the brainstem center via the sensorimotor system may explain the sensitivity of the masticatory system to different descending stimuli (stress, anxiety, asthenia, etc.).

Conclusion {#sec020}
==========

This study reveals that there is no evidence of masticatory muscles and MBF dysfunctions during 3 days of DI. Therefore, it would be interesting to study the CMS over a longer period of simulated microgravity. However, the DI model, even during just 3 days, appears to be a very accurate and rapid model for simulating effects of microgravity on postural sway. Our results suggest a link between postural disturbance after DI and masseter tonicity. Posturographic measurements of the COP were not affected by dental occlusion. However it should be mentioned that postural sway parameters were measured in healthy subjects without dental or temporomandibular disorders. We would like to point out to postural researchers that dental occlusion disorder could disturb the postural balance. Ideally, jaw clenching should be taken into account as a condition, like EC and EO, in postural studies.
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